In the present study, large-eddy simulation (LES) together with a finite-rate chemistry model is utilized for the investigation of a dual-fuel (DF) ignition process where a diesel surrogate ( n -dodecane) spray ignites a lean methane-air mixture in engine relevant conditions. The spray setup corresponds to the Engine Combustion Network (ECN) Spray A configuration enabling an extensive validation of the present numerical models in terms of liquid and vapor penetration, mixture distribution, ignition delay time (IDT) and spatial formaldehyde concentration. The suitability of two n -dodecane mechanisms (54 and 96 species) to cover dual-fuel chemical kinetics is investigated by comparing the predicted homogeneous IDTs and laminar flame speeds to reference values in single-fuel methane-air mixtures. LES of an n -dodecane spray in DF conditions is carried out and compared against the baseline ECN Spray A results. The main results of the study are: (1) ambient methane impacts the ignition chemistry throughout the oxidation process. In particular, the activation of the low-temperature chemistry is delayed by a factor of 2.6 with both mechanisms, whereas the high-temperature chemistry is delayed by a factor of 1.6-2.4, depending on the mechanism. (2) The ignition process starts from the spray tip. (3) There exists a characteristic induction time in the order of 0.1 ms between the start of the first high-temperature reactions and the time when maximum methane consumption rate is achieved. (4) The high-temperature ignition process begins near the most reactive mixture fraction conditions. (5) The role of low-temperature reactions is of particular importance for initiation of the production of intermediate species and heat, required in methane oxidation and (6) both applied mechanisms yield qualitatively the same features (1)-(5) in the DF configuration.
Introduction
The dual-fuel (DF) combustion concept constitutes a promising strategy for modern gas engines to achieve simultaneously low emissions of unburned hydrocarbons (UHC) as well as nitrogen and sulfur oxides (NOx, SOx). Modern gas engines operating with e.g. natural gas are reaching the desired properties with comparable efficiency to existing diesel engines [1] [2] [3] . Importantly, natural gas consists mainly of methane (CH 4 ) which induces naturally lower (CO 2 ) emissions due to the low carbon content. Natural availability, widely developed gas distribution networks (liquefied natural gas terminals), and a low fuel price promote utilization of natural gas [1, 3] .
In dual-fuel engines, features of conventional spark and compression ignition engines are combined. The gaseous fuel is premixed with air and compressed similar to conventional diesel engines. However, the compressed lean fuel-air mixture does not autoignite due to the long ignition delay time (IDT) which is characteristic for low-reactivity fuels like methane. Hence, a relatively small quantity of high-reactivity fuel, e.g. liquid diesel fuel, is injected into the engine cylinder at the end of a compression stroke. The high-reactivity fuel autoignites and releases enough energy to ignite the surrounding natural gas-air mixture [1] . Such an ignition mechanism is often referred to as diesel pilot ignition and is applied in many commercially available gas engines. Typically, the pilot fuel quantity is very small yet large enough to achieve a reliable ignition timing [4, 5] . In general, it has been reported that insufficient pilot ignition may lead to combustion instabilities and results in misfiring and UHC emissions [5] [6] [7] [8] . It is worth noting that most dual-fuel engines can operate interchangeably in both, dual-fuel and conventional diesel, modes [2] .
Dual-fuel combustion research has gained more attention in recent years. However, most of this research has been focused on the performance, efficiency, emissions and combustion stability issues in either research or production engine experiments [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . In literature, the dual-fuel combustion concept has often been discussed alongside e.g. homogeneous charge compression ignition (HCCI) [23] and reactivity controlled compression-ignition (RCCI) [24] [25] [26] concepts, depending on the injection timing, pilot fuel quantity and stratification levels of the charge. Only a few experimental studies include more detailed optical imaging investigations on the combustion process [22, [27] [28] [29] [30] [31] [32] [33] [34] . However, only qualitative details of the diesel-methane-air autoignition and the subsequent premixed flame initiation process have been previously reported. In particular, a limited understanding of the autoignition mechanism in dual-fuel engine configurations has been noted [8, 15, 18, 19, 34] .
It has been observed in engine experiments that the ignition of diesel spray is retarded if the ambient air contains methane, compared to ignition in pure air [12] [13] [14] 32, 34] . Recently, Schlatter et al. [32] conducted concurrent optical Schlieren and chemiluminescence experiments of the DF pilot ignition in a rapid compression machine configuration at various methane equivalence ratios. According to the experiments, pilot ignition is a volumetric process within the pilot spray envelope and there is a linear relation between the IDT and methane equivalence ratio. Recently, Srna et al. [34] supplemented these experiments by including laser diagnostics for formaldehyde detection to better identify the early low-temperature ignition stage. Both the low-and hightemperature ignition stages of the pilot fuel were reported to be delayed with an increasing ambient methane concentration. However, the temporal separation between the first formaldehyde detection and the high-temperature ignition (OH chemiluminescence) was found almost constant and independent of methane-air equivalence ratio. Such behavior indicates that methane may have a significant role on low-temperature ignition chemistry with diesel fuels. Dronniou et al. [30] observed that the ignition seems to take place in pilot fuel rich mixtures. In addition, the retarding influence of methane on the IDT is observed to increase with decreasing ambient oxidizer temperature [35, 36] .
Aside from the experimental work, numerical studies on diesel pilot ignited dual-fuel combustion have been reported in the literature [12, [24] [25] [26] 35, [37] [38] [39] [40] [41] [42] . These numerical studies include simplified zero-dimensional (0d) zonal models [12, 37] as well as multiple Reynolds-averaged Navier-Stokes (RANS) studies of full engine configurations [24] [25] [26] 38, 39] . In these RANS studies, combustion is modeled by means of finite-rate chemistry integration and typically experimental in-cylinder pressure data is used for validation. However, little emphasis has been put on grid resolution, details of the pilot spray, chemical mechanism and turbulence model contribution and validation. Schlatter et al. [35] employed a more advanced combustion model in RANS computations by considering the autoignition of an n -heptane pilot ignition in terms of the conditional moment closure (CMC) formulation, whereas the premixed flame propagation was tracked by the level-set method.
Three studies of DF combustion with direct numerical simulation (DNS) are reported in the literature [40, 42, 43] . Demosthenous et al. [42] studied the evaporation and ignition of nheptane droplets in CH 4 -air mixtures with the presence of decaying homogeneous isotropic turbulence. The DNS results show the validity of the most-reactive mixture fraction concept, earlier found for diesel-surrogates [44] . Methane consumption is initiated due to heat release and intermediate species originating from the nheptane oxidation process. Unburned methane was reported to exist within the ignition kernels if there was an insufficient quantity of radicals and oxygen for complete combustion of both fuels.
Wang et al. [43] conducted a DNS of an n -heptane/methane-air laminar mixing layer. Three time windows related to DF combustion were identified: IDT of the local mixture, time to attain peak temperature and time to achieve steady flame propagation. Bhagatwala et al. [40] carried out one-and two-dimensional DNS on ignition and flame propagation for n -heptane/ iso -octane mixtures under thermochemical conditions representative for RCCI. Both deflagration and spontaneous ignition fronts were observed to co-exist in the simulations.
A challenge in numerical DF combustion modeling is the choice of a chemical mechanism which should be able to cover the chemistry of both the pilot and the primary fuel. In the context of DF combustion, Burke et al. [45] successfully developed a chemical mechanism for mixtures of dimethyl ether (DME) and methane. Other attempts to facilitate the DF chemistry were carried out by Maghbouli et al. [38] and Rahimi et al. [46] who both added the major methane reaction paths into a reduced n -heptane mechanism. Both mechanisms showed good performance against experimental in-cylinder pressure traces in engine simulation context. The RANS study by Schlatter et al. [35] and the DNS studies [42, 43] applied reduced n -heptane mechanisms which include methane and reproduce qualitatively the autoignition and laminar flame speed results close to the GRI 3.0 reference mechanism [35, 42] .
Ghaderi Masouleh et al. [36] studied the suitability of five n -dodecane (n − C 12 H 26 ) mechanisms (detailed and reduced) for dual-fuel combustion. Extensive validations were conducted in canonical 0d-ignition and one-dimensional (1d) laminar flame configurations for pure methane-air mixtures. Due to the lack of experimental IDT and flame speed data for n -dodecane/methane fuel blends, only comparisons between the mechanisms were reported. It was concluded that the molar ratio of n − C 12 H 26 / CH 4 is a key factor in the homogeneous autoignition problems and the retarding influence of methane on the IDT appears due to a change in the production of intermediate species and radicals. As the discussion above shows, the understanding of the DF ignition process and its modeling practices in realistic engine-like conditions is limited. While dual-fuel research is lacking comprehensive and fundamental experiments, such data is available for diesel and gasoline fuels within the Engine Combustion Network (ECN) [47] , which is an international research collaboration facilitating experimental and computational engine research. Within the ECN, baseline target conditions together with experimental and computational guidelines have been defined for different spray flame cases. The cases selected for the current study are thus based on the ECN Spray A conditions. In particular, an ambient gas temperature of 900 K, an ambient pressure of approximately 6MPa, a molar oxygen concentration of 15% and an injection pressure of 150MPa are chosen to correspond to the ECN Spray A baseline case. In the recent years, several experimental studies have been carried out for the Spray A case [47] [48] [49] [50] [51] [52] [53] [54] and they have inspired multiple numerical studies with a wide range of models and chemical mechanisms [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] .
In this study the ECN Spray A configuration is chosen as a reference case representing the single-fuel (SF) diesel ignition characteristics and to provide a well-characterized framework for a numerical dual-fuel setup. This modified dual-fuel Spray A includes methane in its ambient oxidizer composition and is hereafter referred to as "DF spray". The main emphasis in the present work is on the DF ignition process in a realistic diesel spray configuration.
The main objectives of this work are to: 
Numerical methods

Gas phase governing equations
The Eulerian gas phase is described by the compressible Navier-Stokes equations. The Favre-filtered LES formulation for the continuity, momentum, species and energy equations is the following:
∂ ρ ∂t
∂ ρ h t ∂t
where ρ, u i , p , Y k , h s , τ i j , denote the filtered density, velocity, pressure, species k , sensible enthalpy and viscous stress tensor, respectively. In particular, the overbar denotes an unweighted ensemble average, whereas the tilde ( ∼ ) denotes a density-weighted ensemble average. A unity Lewis number is assumed for all species, and thus D = λ/ (ρc p ) with c p and λ denoting the heat capacity and thermal conductivity of the gas mixture, respectively. In Eq. (4) the total enthalpy h t is defined as a sum of the sensible enthalpy and the specific kinetic energy,
The viscous stress tensor is defined as
where μ is the dynamic viscosity. The source terms S ρ , S u,i , S Y k and S h allow the coupling between liquid and gaseous phases with respect to mass, momentum, species and energy. The reaction rate for the species k is denoted by ˙ ω k and the heat release rate (HRR) in Eq. (4) is formulated as ˙
is the enthalpy of formation. Finally, the system of equations is closed by the filtered ideal gas law.
Discretization of the governing equations
The governing Eqs. (1) -(4) are solved using the finite volume method. The time integration is based on an implicit, three timelevel, and second-order accurate scheme. The diffusion terms are discretized by a 2nd-order central scheme, whereas the interpolation of the convective fluxes is treated by a non-linear flux limiter [71] , similar to our previous spray studies [68, 70] . The pressurevelocity coupling is implemented in terms of the reacting PISO (Pressure Implicit with Splitting of Operator) algorithm [72] .
Here, the Lagrangian particle tracking method is applied to model the injected liquid phase with a model setup equivalent to our previous works on Spray A [57, 70] . The primary breakup is considered by sampling computational parcels from the RosinRammler size distribution with parameters that lead to an initial Sauter mean diameter of 6 μm. The secondary break-up is modeled by the KHRT model [73, 74] . Heat and mass transfer between the two phases is modeled according to the standard correlations by Frössling [75] and Ranz and Marshall [76, 77] . The current implementation is based on the OpenFOAM-2.4.x spray solver [78] .
Subgrid-scale modeling
The unclosed LES subgrid terms in Eqs. (2) - (4) can be modeled explicitly by introducing additional dissipation via an explicit subgrid scale model. Alternatively, such dissipation can be introduced and implicitly controlled locally by choosing a dissipative numerical scheme for the convection terms. Here, similar to the previous Spray A studies [68, 70] , our choice is such an implicit LES (ILES) as implemented via the non-linear flux limiter, termed as the Gamma scheme [71] . We use ILES as a "stand-alone" turbulence model without an any explicit term for a subgrid scale dissipation. The Gamma scheme requires an input parameter, k , which is chosen in order to control and maintain the spatial accuracy. In particular, we chose k = 0 . 3 for the momentum equation while k = 1 . 0 is chosen for the scalars to ensure a bounded total variation diminishing solution (a low value indicates less dissipation). The values are chosen based on our previous numerical tests in Ref. [70] . Theoretical work on the similarity between the implicit and explicit SGS models has been carried out in Refs. [79] [80] [81] . Previously, the ILES approach has been applied to free shear flows [82, 83] , supersonic jets [84, 85] , supersonic combustion [86] and non-reacting and reacting sprays [57, 68, 70] .
Combustion modeling
Since chemical time-scales are much smaller than fluiddynamic ones, the filtered species reaction rates ( ˙ ω k ) and the HRR ( ˙ ω h ) in Eqs. (3) and (4) introduce high stiffness to the system of equations. Therefore, operator-splitting is performed to separate the transport of species and energy from the chemical reactions within a CFD time step [87] [88] [89] .
Change of the thermochemical composition over a CFD time step is obtained from a solution of the system of ordinary differential equations (ODE), derived from chemical kinetics [90] . Here, the stiff ODE system is solved independently in each finite volume cell by a semi-implicit Euler method (abbr. Seulex) [91] . The Seulex algorithm belongs to the class of extrapolation methods and offers an efficient and high-order (here up to 12th order) solution for stiff problems [91, 92] . The relative and absolute tolerances of the Seulex algorithm are set to 1e-6 and 1e-10, respectively, which were found sufficient in our tests as well as in Ref. [92] .
The chemical source terms in Eqs. (3) and (4) are then formulated as the finite difference between the initial value and the ODE solution, being only first order accurate from the operator splitting point of view [88, 93] . However, the time step used in the current LES is 80ns, which is assumed to ensure a sufficient resolution for the operator splitting throughout the unsteady ignition problem. The maximum Courant number of 0.65 is found in the immediate vicinity of the nozzle, quickly decaying to lower values farther downstream. Similar splitting techniques with relatively small time steps have been previously applied in turbulent combustion context with successful validation against the DNS [94, 95] and experimental [96, 97] data.
The original reaction rate evaluation of the OpenFOAM package is replaced by an optimized implementation from the open-source package pyJac [90] . Furthermore, an analytical formulation of the ODE system Jacobian is applied within the Seulex algorithm (provided by the pyJac package). The default OpenFOAM implementation of the Seulex algorithm is modified to use optimized LAPACK routines [98] for the linear algebra operations. Secondly, the computational load of the chemistry computation is dynamically distributed over all available processors using MPI. The dynamic load balancing (i.e. optimal load distribution) is based on the local time consumption of the ODE solver.
Additionally, the chemistry computation is accelerated by a simple technique: chemistry is computed only within cells into which diesel surrogate has penetrated, i.e. mixture fraction Z > 10 −4 . Otherwise, the ODE solution is mapped from a reference cell (pure oxidizer) to cells without any pilot interaction. This speeds up the computation especially at early phases of the simulation when the chemical activity is spatially confined. With the described methods, a stable and accurate chemistry solution is obtained with a maximum speed-up of two orders of magnitude, compared to the default OpenFOAM-2.4.x chemistry library.
The effect of turbulence-chemistry interactions (TCI) is considered via first order closure hypothesis, i.e. reaction rate ˙
and no subgrid scale model is applied for the chemical source terms in Eqs. (3) and (4) . The underlying assumption is that within the high-velocity spray the turbulence levels lead to such intense mixing that the current mesh resolution together with the direct chemistry integration capture the broadened reaction zone chemistry, leading to a sufficient solution of the ignition problem. Previously, the spray autoignition problem has been reported to be less sensitive to subgrid scale modeling parameters compared to e.g. flame stabilization problem [63, 99] .
Recently, Pei et al. [64] applied the same first-order hypothesis in the Spray A LES context and obtained good results with a grid spacing equivalent to the present work. Furthermore, multiple LES studies with this approach have shown a rather good agreement against experiments [96, [100] [101] [102] [103] [104] . The good performance and minor differences with respect to other closure models have been attributed to a relatively high grid resolution [96, 100, 103] . For example, Fulton et al. [103] report reasonable results with an average grid resolution corresponding to half of the laminar flame thickness. As discussed in the next section, the grid spacing applied in the present study corresponds to 0.6-1.6 times the relevant laminar flame thickness estimates.
As a prerequisite for successful LES, the present model configuration should be able to reproduce the experimental IDT data for the ECN Spray A, similar to our previous study using LES-FGM (flamelet generated manifold) in the same configuration [68, 70] . Such consistency will be shown later on in the paper. However, it is worth noting that the present numerical approach poses also certain potential limitations regarding TCI. The major concern is to achieve a sufficient grid resolution. For example, earlier spray-LES studies with sophisticated combustion models such as transported probability density function (TPDF) and conditional moment closure (CMC) models have been only applied in spray-LES context with a lower grid resolution compared to the present work (2 -8 × the cell size applied in this work) [66, [105] [106] [107] . The first or- der closure hypothesis can not be generally recommended for such resolutions which is not the case in the present study.
Simulation configuration
The experimental reference case for the simulations in the current study corresponds to the ECN Spray A baseline conditions [47, 48] given in Table 1 . Liquid n -dodecane is injected from a 90-μm diameter nozzle hole into a constant volume combustion vessel, where the high-pressure, high-temperature ambient conditions are achieved in a pre-burn combustion event. The molar fraction of ambient oxygen corresponds to 15% after the pre-burn event. In LES, the ambient mixture composition and temperature are initiated as uniform fields while the velocity field is set to zero. The injection profile is adopted from a virtual profile generator [108] , as suggested by the ECN.
The corresponding dual-fuel case applies the same configuration as the Spray A case, but methane is added to the ambient gas composition to form a mixture with an equivalence ratio of φ CH 4 = 0 . 5 (w.r.t. CH 4 only). The concentrations of other species are modified such that the molar oxygen concentration remains 15% in both cases. The specific heat ( c p ) of the DF mixture deviates ∼ 5% from the original oxidizer. When applying Bilger's definition for mixture fraction [109, 110] , the stoichiometric mixture corresponds to Z SF st = 0 . 0435 and Z DF st = 0 . 0234 in SF and DF cases, respectively. For the DF case, Z = 0 corresponds to a methane-air mixture with φ CH 4 = 0 . 5 .
The computational domain has the same volume as the experimental combustion vessel at the Sandia National Laboratories [47, 48] . A uniform grid-spacing of 62.5 μm is applied within the spray envelope which has been shown to yield reliable LES results for Spray A [55, 57, 64, 68, 70] . The Kolmogorov length scales are estimated to be in the order of 1-5 μm in downstream flame region [64] . The laminar non-premixed counter-flow flamelet (cf. Section 5.4 ) and the premixed CH 4 -air flame computations in Spray A conditions yield thermal flame thickness estimates
) ≈ 100 and 30 μm, respectively. Measuring the full width at half maximum of the OH species profile for the nonpremixed flamelet gives a thickness estimate of ∼ 25 μm, close to the premixed flame thickness. Such a large scale separation between turbulence, flame thickness and grid spacing makes the current simulations still prone to possible issues with the subgridscale modeling. Therefore, the present study concentrates on the ignition process, neglecting the premixed flame propagation in the DF case.
In the current work, we also investigate the mesh sensitivity in the DF modeling configuration. Pei et al. [64] has shown that the IDT is increasing with increasing cell size and a sufficiently low sensitivity of the IDT to the grid resolution is obtained with a 62.5 μm resolution. However, in their study, the chosen resolution was applied throughout the solution domain also affecting the spray development and the early mixing process. In this work, we apply a different mesh generation structure to avoid this problem and concentrate on the influence of mesh resolution on the IDT downstream where the autoignition is expected to occur. Figure 1 presents the different grids applied in the IDT sensitivity analysis. The finest resolution has a uniform grid-spacing of 62.5 μm extending to 41mm downstream, covering the ignition locations in all cases (total cell count of 17 million). The intermediate and coarse grids are constructed in three (I-III) sections: the first 11 mm from the nozzle (I) share the resolution with the finest grid to resolve the early mixing field correspondingly to our previous studies [57, 68] . Between 11 and 26 mm downstream of the injection location (II), the cell size is gradually increased to 80 (intermediate) or 160 μm (coarse). After 26 mm (III), the grids have a uniform resolution.
Chemical mechanism
Two chemical mechanisms are used in this work: the skeletal mechanism by Yao et al. [111] (54 species and 269 reactions) and the reduced mechanism by Frassoldati et al. [112] (96 species and 993 reactions), which are hereafter referred to as Yao and POLIMI, respectively. Both mechanisms have shown good performance in homogeneous n -dodecane-air ignition problems [111] [112] [113] [114] and in the Spray A context: [66, 111, 114] (Yao) and [68, 112, 114] (POLIMI). However, the suitability of these mechanisms to model CH 4 chemistry has not been assessed previously.
Yao and POLIMI have 20 and 49 reactions including CH 4 , respectively. In case of Yao, the share of higher hydrocarbons ( > C1) in these reactions is 9/20 (all reversible), whereas the corresponding quantity is 28/49 (10 reversible and 18 forward) for POLIMI. The rest of the CH 4 related reactions are associated with various intermediate species such as OH, HO 2 and CH 3 . Table 2 lists 33 reactions which are considered important in the CH 4 autoignition process. The list was originally compiled by Manias et al. [115] who investigated the sensitivity of CH 4 ignition chemistry to CH 2 O and H 2 O 2 additives. Both additives are produced by the early low-temperature reactions in n -dodecane mixtures and thus considered to be relevant in the DF context. Table  2 shows that POLIMI covers all the reactions except (r24) and (r30), whereas Yao lacks all CH 3 O 2 related reactions (r25-r31), which are relevant at low mixture temperatures T < 1100 K [45, 115, 116] .
According to Table 2 , both mechanisms contain the relevant subset of reactions to describe methane ignition chemistry. In order to evaluate their performance to model methane oxidation in lean conditions, we compare results from 0d constant volume Table 2 The reactions that have an important role in the CH 4 ignition process. Superscripts 1,2,3 and 4 refer to Refs. [115] , [45] , [117] and [116] , respectively. If a reverse reaction direction is available, it is denoted as ( ↔ ). ignition computations to the experimental high-pressure (50 bar and 150 bar) shock-tube data by Petersen et al. [116] . Figure 2 shows good correlation between the experiments and 0d predictions for both Yao and POLIMI. For reference, results with the GRI-3.0 [118] mechanism are also shown. The linear slope of the temperature dependence is slightly different between the mechanisms at the 50 bar pressure and Yao predicts consistently higher IDT values compared to POLIMI and GRI-3.0 at 10 0 0 0/ T > 7.6. For compar- ison, similar analysis for n -dodecane-air mixtures is presented in Appendix A . Figure 3 a shows the predictions of the laminar flame speeds in methane-air mixtures at atmospheric pressure and with an unburned fuel temperature of T u = 300 K for the Yao, POLIMI and GRI-3.0 mechanisms. The Yao and POLIMI mechanisms closely follow the GRI-3.0 mechanism over a range of equivalence ratios. In particular, Fig. 3 b shows the detailed structure of the laminar flame at the prescribed conditions for all three mechanisms. Qualitatively, the profiles have a similar shape, but POLIMI predicts a slightly larger flame thickness compared to the GRI-3.0.
Overall, the selected mechanisms show good correlation between the experiments and reference solutions for the ignition and laminar flame problems in lean methane-air mixtures. In the following sections we assess the response of the selected mechanisms in a turbulent DF spray context and finally we perform a reaction sensitivity analysis with respect to the IDT in Section 5.4 .
Results
Current understanding on diesel spray ignition
The stages of a single-fuel n -dodecane spray ignition process are known to consist of 1) turbulent mixing stage, 2) conse- quent low-temperature reactions, and 3) high-temperature ignition [119, 120] . Next, based on the present numerical results, we illustrate certain common aspects of SF and DF spray ignition. Figure 4 shows five characteristic features (I-V) of a typical turbulent spray at the time of high-temperature ignition.
The region near the nozzle (I) accounts for the high-velocity two-phase spray which is characterized by the thermophysical properties of the liquid fuel and the injection parameters, including nozzle diameter and injection pressure. The liquid penetration length is defined as the location at which most of the liquid mass has evaporated. Chemical reactions are negligible due to high flow gradients and low temperatures.
After evaporation, the injected fuel is mixing with the hot ambient gas mixture and subsequently starts to react with the available oxygen. The onset of the early low-temperature reactions is often referred to as the first-stage ignition and includes the production of various intermediate species and radicals (II), such as C 12 H 25 O 2 (RO 2 ), CH 2 O and H 2 O 2 . Continuous production of such species and surrounding turbulent mixing leads to a formation of a specific low-temperature chemistry (LTC) dictated volume (III). The recent experiments by Skeen et al. [54] and multiple numerical studies [64, [68] [69] [70] have shown that the prescribed process is initiated near the radial periphery of the spray before appearing across the spray as depicted in Fig. 4 .
After a specific induction time, various intermediate species are starting to be consumed downstream of the LTC region (IV), and local high-temperature pockets appear around the spray tip region (V). Such pockets include species associated with high-temperature oxidation processes, such as OH, CO, and H 2 O. The time instance regarding their production is referred to as the second-stage igni- tion and the spatial location is denoted as the high-temperature chemistry (HTC) region (IV).
In dual-fuel ignition systems the appearance of the hightemperature ignition kernels (V) and the surrounding LTC region are assumed to act as "chemical sparks" initiating the premixed flame propagation throughout the ambient methane-air mixture. Therefore, in this study, we are particularly interested in on the influence of ambient methane on the spatial and temporal appearance of the described regions II-V.
LES of Spray A: Ignition delay time and low-temperature
In this section we assess the quality of the current reacting LES by investigating the sensitivity of the second-stage IDT results to the chemical mechanism and mesh resolution. For completeness, the mixture formation process in non-reacting (Y O 2 = 0) conditions is systematically validated against available experimental data in Appendix B , similar to our previous works [57, 68, 70] . Table 3 shows that the IDTs predicted by the present LES simulations agree fairly well with the available experimental data.
The IDTs presented in Table 3 are defined according to the ECN guidelines as the time instance τ 2nd at which the time derivative of the maximum temperature reaches its maximum value,
The current results are in line with values reported previously in literature: The mechanism by Yao et al. [111] underpredicts the IDT by ∼ 15%, whereas the POLIMI mechanism by Frassoldati et al. [112] predicts the experimental IDT within a 4% margin. Similar values have been reported earlier in Refs. [111, 112, 114, 121] . We note that the present finiterate chemistry approach yields an IDT value very close to our previous studies in which the FGM method were applied [68, 70] . Table 3 also includes IDTs from LES with the Yao mechanism and three mesh resolutions: 62.5, 80 and 160 μm, (cf. Fig. 1 ). The three different grids yield IDT predictions within a 2% margin from one another, which is in the same scale as the Lagrangian spray-induced realization-to-realization deviations reported in Refs. [64, 68] . Low sensitivity of the IDT to the grid resolution indicates that the present LES modeling approach functions consistently downstream of the end of the fine resolution region.
For further validation, Fig. 5 shows a comparison between the numerically obtained mean formaldehyde (CH 2 O) field and the experimental PLIF observation by Skeen et al. [54] at t = τ 2nd − 0 . 1 ms . Qualitatively, both mechanisms are able to predict the essential spatial features: the CH 2 O concentration rises at ∼ 12 mm and reaches its maximum after ∼ 20 mm . The most distinct difference between the mechanisms is the overall length of the CH 2 O rich region, being ∼ 2.5 mm longer for POLIMI and can be partially explained by the longer vapor penetration at the time of ignition.
According to the presented results, the current simulation framework is considered to predict the most important features of the SF spray ignition phenomena with both chemical mechanisms. Next, the DF ignition process is investigated in the same spray configuration. 
LES of dual-fuel spray (
The following sections include results on the ignition characteristics of the DF spray case with comparison to the baseline SF spray case described above. Figure 6 illustrates the transient stages of the ignition process (cf. Section 5.1 ) for both SF (on left) and DF (on right) cases and demonstrates the delaying influence of ambient methane concentration on the low-temperature and high-temperature ignition chemistry with the Yao mechanism. Here, the dodecyl peroxy radical C 12 H 25 O 2 (RO 2 ) is used to visualize the LTC region [122] while CO accounts for the HTC region near the main ignition.
Visualization of single-fuel and dual-fuel spray ignition
While the early turbulent fuel-air mixing process at t < 0.18 ms is equivalent for both cases, the production of RO 2 is inhibited by the presence of ambient methane in the DF case (cf. Fig. 6 Ia, Ib). Whereas the production of RO 2 in the SF case appears on the sides of the fuel rich spray core at t ≈ 0.18 ms (Ia), the productions appears later downstream for the DF case (Ib). In particular, later analysis in Fig. 7 shows that the first-stage ignition chemistry of the DF case is delayed by a factor of 2.6 compared to the SF case.
In both SF and DF cases, the first-stage ignition is followed by a strong local heat release at the spray tip (cf. IIa, IIb in Fig. 6 ), where the thermochemical composition and fluid dynamical conditions are favorable for ignition [54, 63, 123] . Clearly, ambient methane has a retarding influence on the HTC phase of the ignition which is delayed by a factor of 2.4.
After the second-stage ignition, intermediate species are consumed and combustion end-products are formed in the spray tip region. After some time, the SF case would take a typical spray diffusion flame shape with a constant flame lift-off length [52, 53, 63, 64, 68, 70] . In the DF case, the interplay of various intermediate species and the high-temperature ignition kernels initiate the consumption of ambient methane, leading to a premixed flame front, modulated by the spray induced turbulence (III). 
Impact of ambient methane on ignition delay time
In the following, we compare the SF and DF ignition processes more in detail and confirm the qualitative result noted above: the DF spray ignition has a two-stage structure and ambient methane inhibits both, LTC and HTC. Equivalently to the SF case in Section 5.2 , we report a larger sensitivity of the IDT to the chemical mechanism than to the mesh resolution. Figure 7 shows the time evolution of maximum temperature, dodecyl peroxy radical C 12 H 25 O 2 (RO 2 ) and hydroxyl radical OH mass fractions for the LES cases with the Yao mechanism. The dodecyl peroxy radical is one of the first species in the decomposition path of n -dodecane and is therefore a good marker for the firststage ignition and the LTC activity [122] . Here, we define the firststage IDT ( τ 1st ) as the time instance when 20% of the maximum RO 2 mass fraction is reached in the system. Figure 7 shows that in the DF case the first-stage ignition is delayed by 0.29 ms compared to the SF case. The present result of the inhibiting influence of methane on the LTC is consistent with the recent n -dodecane pilot injection experiments ny Srna et al. [34] .
Whereas the SF spray ignites relatively quickly after the activation of the LTC, the temperature rise in the DF case takes two times longer after τ 1st DF . The second-stage IDT ( τ 2nd ) definition is equivalent to the one applied in Section 5.2 , i.e. the time instance at which d T max /d t reaches its maximum in the LES domain. Furthermore, Fig. 7 shows a fast production of OH radical at t = τ 2nd in both SF and DF cases, indicating high-temperature ignition [119] .
To elucidate the influence of the chemical mechanism on the IDT, Fig. 8 1.6 for Yao and POLIMI, respectively. Overall, the inhibiting influence of methane on the ignition chemistry is higher for the Yao mechanism.
For completeness of the grid resolution investigation in Section 5.2, Fig. 8 shows the IDTs with the Yao mechanism for grid resolutions 62.5, 80 and 160 μm. The two cases with a coarse grid resolution are within a 4% margin from the 62.5 μm grid case. The observed 4% margin is two times larger than the deviation reported in Section 5.2 for the SF case, which is expected due to longer vapor penetration into the grid part with a coarser resolution.
Formation of high-temperature ignition kernels
During the n -dodecane injection process the spray region spans a broad range of mixture compositions and different spray parts are in different thermochemical states (cf. Fig. 4 ). Thus, while Fig. 8 demonstrated differences in the IDTs between the SF and DF cases, it is of particular interest to explore the effect of turbulent mixing on the ignition process. Next, we visualize the DF ignition process on the cross-section plane of the spray and demonstrate similarities in LTC and HTC for the SF and DF cases in mixture fraction space. In particular, the temporal evolution of heat release and mass fractions of essential species are investigated and we show that in case of the DF spray, the ambient methane oxidation is initiated in rich mixtures. The mixture fraction fields are superimposed by the blue ( ) and purple ( ) contour lines denoting the LTC and the early HTC regions, respectively. The LTC is defined according to the RO 2 threshold of 1% max ( Y RO 2 ) and the early HTC is identified with respect to the 1% threshold of the H 2 O 2 consumption rate maximum
The first row in Fig. 9 shows that the LTC extends to cover the spray tip region (I) after the first-stage ignition ( t = 1 . 1 τ 1st DF )
. After a certain characteristic induction time at t = 0 . 7 τ 2nd DF , H 2 O 2 starts to be consumed at the tip of the spray (II). This indicates the onset of the HTC which consumes the products of LTC.
The third row in Fig. 9 shows the formation of isolated ignition pockets (III), where the temperature exceeds 1550 K (orange contour line, ). The interplay of various intermediate species and released heat will finally lead to the full consumption of ambient methane at the spray tip, which is visualized here by the red contour line corresponding to 2% of max ( Y OH ) mass fraction ( ), see
Overall, the volumetric formation of ignition kernels (I-IV) is very similar to the ignition process observed in the SF spray case [64, 68, 70] . Figure 9 shows that the Yao mechanism predicts the appearance of the LTC region farther downstream compared to POLIMI, depicting slower LTC as also observed in Fig. 8 In order to relate the kernel formation to the governing turbulent air-fuel mixing, Fig. 10 shows a mapping of the ignition process from physical coordinates ( Fig. 9 ) to the mean Z t-plane. Here, the mean mixture fraction is defined as Z (t) = Z (t, x, y, z) | Z ∈ R i , where R i represents one of the three regions defined in regions belonging to either R 2 and R 3 were identified and selected by hand from the 3d data sets. The corresponding Z is the mean over all the data points within the individual ignition kernels. Figure 10 shows that the formation of the LTC region begins on the rich side near Z ≈ 2 Z st and when advancing further in time, the LTC region moves into even richer mixtures corresponding to a spatially confined region in the jet core (cf. Fig. 9 at t = 0 . 7 τ 2nd ) .
The LTC region reaches a steady state at Z ≈ 0.07. A continuous injection induces high momentum in richer conditions and prevents LTC at any higher mixture fractions.
The development of the high-temperature ignition kernels (denoted as R 2 ) seems to begin in a broad range of rich mixtures (2 Z st < Z < 3 Z st ). The developing ignition kernels grow quickly and produce heat at the tip of the spray envelope. The final hightemperature oxidation is located on the outer surface of the vapor jet tip. Therefore, the corresponding mean mixture fraction values for the R 3 region are lower but still on the rich side. Figure 10 includes the IDT curve corresponding to the homogeneous reactor computations with initial conditions corresponding to the adiabatic mixing line. The minimum of this curve denotes the most reactive mixture fraction Z MR [119] . The spray ignition process appears near the Z MR values, similar to the recent results on DF ignition in homogeneous isotropic turbulence (DNS) [42] .
To complete the above analysis of the ignition process, we consider next the evolution of the resolved LES statistics with respect to Z which 1) shows the similarities and differences between the SF and DF ignition processes and 2) indicates the Z values at which CH 4 oxidation is initiated. Figure 11 shows the mean profiles of T , HRR, CH 4 and CH 3 mass fractions conditioned on mixture fraction for both SF and DF cases. For brevity, only results with the Yao mechanism are shown.
For better analysis of the scattered data, we introduce conditional averages with respect to the LTC (blue) and HTC (red) regions. The LTC region is defined again as
whereas the HTC is defined with respect to the H 2 O 2 consumption rate and temperature thresholds:
, excluding the points belonging to the LTC region.
In both SF and DF cases, the evolution of heat release rate and temperature ( Fig. 11 (a-b) ) is similar. The early heat release appears near stoichiometry (I) and moves to more rich mixtures (II) with time. The heat release within the LTC region correlates with the formation of various intermediate species at 0 < Z < 0 . 2 , including RO 2 , CH 2 O and H 2 O 2 . As shown by the conditional means, HTC starts on the rich side (III) but after the second-stage ignition the peak value of the mean HTC profile evolves back towards the stoichiometric conditions (IV). The peak HRR near Z st corresponds to the OH radical formation at the spray tip, shown in Fig. 9 .
The prescribed behavior has been earlier noted in the SF context by several authors [64, 68, 70, 119] and the current results in Fig. 11 indicate that similar features are present in the DF case with both mechanisms. The most distinct difference between the SF and DF cases is the width of the distributions in mixture fraction space: in the SF case the mean profiles are broader and cover larger Z values compared to the DF case. This difference represents the inhibiting influence of methane on the chemistry in very rich mixtures in the core of the spray. Furthermore, when the ignition chemistry is delayed in the DF cases, the spray has time to penetrate farther downstream and therefore becomes more diluted, which is observed as lower Z values.
Even though temperature and HRR show similar features in Z -space, the influence of ambient methane becomes evident when considering the conditional mean mass fraction profiles of CH 3 and CH 4 in Fig. 11 (c-d) . Figure 11 (c) shows that methane is produced as a part of HTC at Z st < Z < 0 . 2 in the SF case. Similarly, methyl radical (CH 3 ) is formed on the rich side as a part of the decomposition of n -dodecane [111] . However, in the DF case, there is no net production of CH 4 but its consumption begins around Z ≈ 2 Z st and advances towards richer mixtures with time. After the second-stage ignition at t = τ 2nd , the CH 4 consumption peaks in mixtures within Z st < Z < 0 . 06 and soon after ( t > τ 2nd ) the CH 4 consumption broadens to cover Z ≈ 0 mixtures, implicating the start of flame propagation in the ambient mixture. Due to CH 4 
Only 0.5% of the data points shown in scatter (random picking).
consumption near Z = 0 , also the mean HRR appears closer to the pure oxidizer ( Z = 0 ) in Fig. 11 (b, IV) . The distributions for the methyl radical CH 3 in Fig. 11 (d) are similar for both SF and DF case prior to the second-stage ignition. However, after the second-stage ignition, the conditioning with respect to the HTC yields a clear peak in CH 3 mass fraction (V) for the SF case, whereas the CH 3 distribution appears bimodal for the DF case (VI). Such a double peak structure for the conditional mean profile appears due to the decomposition of CH 4 in both lean Z < Z st and rich Z st < Z < 0 . 06 conditions. On the lean side, species like OH, HO 2 and H can abstract the H from CH 4 , producing CH 3 . In the SF case, the lack of CH 4 in the oxidizer composition prevents the methyl radical production in very lean mixtures, whereas on the rich side, CH 3 appears as a result of both CH 4 and n -dodecane decompositions. The consumption of CH 3 in stoichiometric conditions is due to the high-temperature oxidation at the end of the second-stage ignition, forming CO, CO 2 and H 2 O.
To summarize the findings from the last two sections: The key global difference between the SF and DF sprays is the delayed ignition. We have noted that the high-temperature ignition kernel formation is a volumetric process and takes place at the tip of the spray. The time evolution and shape of statistical distributions in mixture fraction space are noted to be similar in both SF and DF cases: LTC begins near Z st and moves to cover richer mixtures ( Z st < Z < 0 . 1 ), leading to HTC near Z ≈ 2 Z st . Methane is found to influence the ignition chemistry in both lean and rich conditions.
Role of methane in oxidation process of DF mixtures: 1d flames and sensitivity analysis
The LES results above clearly indicate the retarding influence of ambient methane on both first-and second-stage IDT for both chemical mechanisms. However, the means by which CH 4 influences the ignition chemistry seem non-trivial and have not been discussed in previous sections. In the following sections, we demonstrate that ambient methane inhibits both LTC and HTC also in laminar configurations resembling the prescribed LES results. Furthermore, we identify the most sensitive chemical reactions in a relevant 0d ignition system and we suggest explanations for the delaying influence of ambient CH 4 on ignition chemistry in laminar and turbulent conditions.
DF ignition process in 1d flames
A widely used canonical setup to study non-premixed combustion is given by laminar counter-flow diffusion (CD) flames, in which opposing fuel and oxidizer streams form a reaction zone close to their stagnation plane. The laminar CD flames are often applied in the analysis of complex turbulent combustion systems [69, 70] , motivating the application of the CD flame configuration to the DF context. The set of governing 1d equations describing the transient igniting CD flames, i.e. flamelets, is presented in Refs. [124] [125] [126] and the solution is obtained with the Chem1D [126] software. The mixture composition and temperature at the fuel and oxidizer streams are set according to Table 1 and unity Lewis numbers are assumed for all species. Furthermore, a constant strain rate of 500 s −1 is applied as a model parameter, similar to our previous Spray A studies [68, 70] . Figure 12 shows the HRR of the flamelet solutions in Zt -plane for both mechanisms. We have identified specific time instances When advancing further in time, the HRR extends towards higher mixture fraction values where the production of LTC related species is increasing. Such transition towards richer mixtures is similar for both mechanisms and has been identified earlier in the SF context by e.g. Dahms et al. [69] who referred to the phenomenon as a "cool-flame wave". It is worth noting that Z values exceeding 0.15 in the LES case would correlate with locations relatively far upstream where intense spray turbulence prevents chemical activity.
After a sufficient chemical induction time, the HTC is activating, which is identified here as the time instance t = τ 2 ( ) corresponding to a point at which the consumption rate of H 2 O 2 attains 1% of its maximum (equivalent to the LES HTC definition). Figure 12 shows approximately a factor of two difference in the induction time | τ 2 − τ 1 | between the two mechanisms in both SF and DF configurations. After the initiation of H 2 O 2 consumption, it takes another characteristic induction time before the high-temperature second-stage ignition appears, which is depicted here by the time instance when OH mass fraction exceeds 2% of its maximum ( t = τ 3 , ). Table 4 The time instances τ i indicated by dashed lines in Fig. 12 and their In the DF case, the appearance of a typical high-temperature ignition marker (e.g. OH) does not necessarily indicate the point at which the premixed CH 4 flame is initiating. Therefore, we also show in Fig. 12 the point at which CH 4 consumption rate exceeds 90% of its maximum ( τ 4 , ). Such consumption rates occur for both mechanisms near the stoichiometric mixture, approximately 0.1ms after t = τ 3 . Minor CH 4 consumption ( ∼ 5% of the maximum) is observed already at earlier times ( t > τ 1 ) due to reactions with various intermediate species. The influence of CH 4 on the early ignition chemistry is further discussed in the following Section 5.4.2 . A detailed description of the time evolution of H 2 O 2 and CH 4 net reaction rates in Zt -plane can be found from Appendix C as well. The presented flamelet results indicate that the IDT definition should be carefully considered in DF ignition problems. In brief, the DF IDT definition should not only correlate with CH 4 consumption but also with the relevant HTC, such as high OH production. We note that the DF IDT cannot be consistently defined according to a constant maximum temperature threshold. For example, a threshold of 1250K would correspond to a time instance t = τ 2 in the presented flamelet analysis and would not estimate a sufficient time scale for the premixed flame initiation (high CH 4 consumption). Table 4 shows the time instances τ i normalized with the hightemperature ignition delay times τ 3/4 . The largest relative difference between the mechanisms is noted with respect to ratio τ 1 / τ 3 , whereas the other relative ratios are rather similar. Such deviations highlight the sensitivity of ignition problems to low-temperature chemistry, which is also noted from the LES results and further discussed in Section 5.4.2 .
The presented 1d flamelet results support the findings from the spray LES cases and can be summarized as follows: 1) CH 4 impacts the chemistry throughout the ignition process but the key global difference is the IDT. 2) CH 4 delays the onset of the LTC, 3) CH 4 delays the onset and final stages of the HTC, i.e. both H 2 O 2 consumption and OH production phases are delayed. 4) The relative activation time of the first-stage ignition chemistry ( τ 1 / τ 3 ) is noted to deviate the most between the two mechanisms. However, despite the absolute differences in IDT values, the important qualitative features of methane influence are captured similarly by both mechanisms.
Reaction sensitivity analysis of DF mixtures
As a numerical experiment, we modified the Yao and POLIMI mechanisms by adding a new imaginary species CH The sensitivity analysis incorporates 0d homogeneous reactor computations in three initial mixture compositions corresponding to the overall equivalence ratio of φ = 0 . 5 , φ = 1 . 0 and the most reactive mixture fraction Z MR , sampled from the mixing line. The sensitivity coefficients S i are defined as a relative change in the corresponding second-stage IDT ( τ 2nd ) when multiplying the rate constant k i by a factor of two [111, 127] :
Negative sensitivity coefficients denote a promoting influence (i.e. decreasing IDT), whereas the positive coefficients denote an inhibiting effect (i.e. increasing IDT). Figure 13 shows the sensitivity analysis for the Yao (a-b) and POLIMI (c-d) mechanisms with SF and DF mixtures, respectively. (d) show the sensitivity analysis results for the corresponding DF cases. Common for both mechanisms is the appearance of the inhibiting reaction CH 4 + OH ⇒ CH 3 + CH 2 O (r20f) which produces methyl radicals and water from methane via H abstraction. The influence of the r20f reaction on the other reactions can be identified from Fig. 13 (b) : Firstly, the increased methyl radical production yields higher CH 3 mass fractions which leads to the subsequent recombination reaction 2 CH 3 (+M) ⇒ C 2 H 6 (+M) (r32f) forming ethane and to the chain terminating reaction CH 3 + HO 2 ⇒ CH 4 + O 2 (r23f) which are both known to be strongly inhibiting [115, 122] . Secondly, the reactions r20f and r23f consume OH and HO 2 radicals, subsequently preventing LTC reactions where they are present as reactants (e.g. the H abstraction: NC 12 H 26 + OH ⇒ H 2 O + NC 12 H 25 ). This partially explains the lower HRR at Z > 0 . 1 in LES statistics (cf. Fig. 11 (a) ). The impact of methane on the methyl radical formation in the LES case is well depicted by conditional statistics in Fig. 11 (d) .
What is notable in the current analysis is that the most sensitive reactions in the DF cases involve mostly the same reactions as the SF case. The DF ignition chemistry seems to be dictated by reactions involving n -dodecane and its long hydrocarbon radical products. In particular, for the POLIMI mechanism, the strongest influence of CH 4 is limited to r20f. Reactions such as r32f and r23f are present but their influence is shadowed by reactions involved with the early n -dodecane decomposition. Such dictation of n -dodecane can be considered to partially explain the smaller The presented sensitivity analysis is in line with the work by Burke et al. [45] who showed that the most sensitive reactions in the homogeneous DME-CH 4 -air ignition process (0d) involve DME and its immediate product species. Current results indicate that including only CH 4 relevant reaction pathways (cf. Table 2 ) to the chemical mechanism should not be considered sufficient, but the influence of methane on the early decomposition of long hydrocarbons should be considered in detail when working with DF applications.
Conclusions
In the present work the ignition of an n -dodecane spray in a lean methane-air mixture was investigated by utilizing a newly developed LES solver with finite-rate chemistry. The chemistry solution algorithm employs an analytical Jacobian and reaction rate functions adopted from the open-source chemistry package pyJac .
The simulations are based on the Engine Combustion Network Spray A case, enabling an extensive validation of the numerical framework against available experimental data on the spray mixing process, ignition delay times and optical imaging of formaldehyde within the reacting spray.
The baseline Spray A target conditions were modified to create a dual-fuel relevant model problem by adding methane to the ambient oxidizer composition with a methane-air equivalence ratio of 0.5. The rest of the original Spray A case configuration remained unaltered. The main findings of the current work on dualfuel spray ignition are:
1. DF ignition is a volumetric process and can be separated into three stages: 1) first-stage ignition, i.e. early heat release due to low-temperature chemistry, 2) second-stage ignition at the spray tip, i.e. activation of high-temperature chemistry and 3) full oxidation of available CH 4 and premixed flame initiation. 2. Ambient methane influences the low-and high-temperature chemistry throughout the ignition process. Both first-and second-stage ignition processes are inhibited compared to the single-fuel reference case. 3. Chemical decomposition of n -dodecane produces heat, intermediate species and radicals, enabling a faster ignition compared to homogeneous ignition of pure methane-air mixtures. 4. High-temperature ignition in LES appears in rich mixtures ( Z ≈ 2 Z st ). 5. The chemical mechanisms by Yao et al. [111] and Frassoldati et al. [112] depict the same qualitative DF ignition process with most deviation in time scales related to the low-temperature chemistry. 6. Laminar 1d igniting counter-flow flamelet computations resemble the LES results, indicating their applicability to understand the DF ignition process. 7. Sensitivity analysis shows that the ambient methane influences the early decomposition of n -dodecane mainly by consuming OH radical and forming methyl radicals which activate other inhibiting reactions.
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Appendix A. Homogeneous ignition of n -dodecane mixtures
Figure A.1 shows n -dodecane IDT results at ambient pressures of 20bar and 40bar, with an equivalence ratio of 1.0. Constant volume assumption is applied as recommended in the corresponding experimental Refs. [128, 129] . The mechanisms predict the IDT [128] and Shen et al. [129] . rather well at 20bar ambient pressure and high temperatures. However, increasing pressure and decreasing temperature leads to shorter IDTs compared to the shock-tube data. Results in lean conditions ( φ = 0 . 5 ) follow the same trend as in stoichiometric conditions (not shown). The current results are in line with the reported mechanism behavior in literature [111] [112] [113] [114] . Interestingly, both Yao and POLIMI mechanisms have demonstrated good ignition prediction capabilities in the ECN Spray A configuration [114] and against recent experimental data from rapid compression machine measurements [113] .
Appendix B. Non-reacting Spray A validation
For the non-reacting Spray A case ( Y O 2 = 0) , experimental data for liquid and vapor penetration lengths and spatial fuel mass fraction distributions are available. A systematic validation of the current spray solver configuration in non-reacting conditions has been carried out in our previous works [57, 68, 70] . However, for completeness we show briefly the validation results against the available experimental data. Overall, the present LES configuration provides a fairly good agreement with the available mixing experiments [47, 130] . Figure B .1 shows the liquid and vapor penetrations with comparison to the experimental data. The liquid and vapor penetrations, as specified by the ECN, are defined as the farthest axial distance with 0.1% liquid volume and gaseous fuel mass fraction. The computed vapor penetration profiles are well within the experimental error margin. The liquid penetration curve also follows closely the experimental data [47, 130] . Figure B .2 shows the mean radial mixture fraction profiles at two axial locations. The profiles are obtained from a single LES realization by azimuthal and time averaging the data. The azimuthal averaging is carried out around the spray axis by dividing the domain into N φ = 90 planes. The plane data is furthermore averaged between 1.5 and 2 ms in time. The mean mixture fraction profiles are underpredicted downstream near the spray axis, whereas better agreement with experimental data is obtained after 2 mm in radial direction. (   Fig. B.2 . Mean mixture fraction radial profiles and experimental 95% confidence interval (error bars) at axial locations of (a) 18 mm and (b) 30 mm. Experimental data is obtained from Rayleigh-scattering imaging [47, 130] .
Appendix C. Time evolution of individual species in 1d flames
In Section 5.4.1 (cf. Fig. 12 ) four (three) timescales τ 1 − τ 4 were introduced in DF (SF) context in order to identify different ignition stages. The purpose of this appendix is to show how RO 2 , H 2 O 2 , OH and CH 4 formation are related to the chosen timescales in laminar flames.
Figure C.1 shows the time evolution of RO 2 and OH mass fractions as well as the net reaction rates for H 2 O 2 and CH 4 species for the Yao mechanism. The POLIMI mechanism was observed to yield the same features shown in Fig. C.1 (data not shown for brevity) .
Additionally, the time instances τ [1] [2] [3] [4] are shown in Zt -plane by red symbols.
Next, we discuss aspects common for SF and DF ignition. The HRR evolution in Fig. 12 can be directly related to the time evolution of species shown in Fig. C.1 . As expected, the onset of early heat release ( τ 1 , ) can be associated with the early ndodecane decomposition and following growth in RO 2 production (cf. Fig. C.1 (a,b) ). First low-temperature reaction paths are followed by production of other intermediate species such as H 2 O 2 at rich Z values (cf. Fig. C.1 (c,d) ). After a sufficient time, some of these intermediate species, including H 2 O 2 , start to be consumed and result in locally high HRR values at t > τ 2 (1% of max. H 2 O 2 consumption rate, ). Finally, the high-temperature ignition takes place at t = τ 3 ( ) and is denoted by a rapidly increased OH concentration (cf. Fig. C.1 (e,f) ).
In the DF case, n -dodecane oxidization is modified by the presence of methane, which is evident when comparing the CH 4 consumption rates between SF and DF in Fig. C.1 (g,h) . As discussed in Section 5.4.2 , CH 4 is mildly consumed already at early times ( t ≈ τ 1 ), hence influencing the n -dodecane decomposition.
However, the highest consumption rates are reached after t = τ 3 . The process leads to a premixed flame initiation, here denoted by the threshold of 90% of the maximum consumption at t = τ 4 ( ).
The applied threshold values for defining τ [1] [2] [3] [4] are chosen rather arbitrarily but as Fig. C.1 shows, they are justified from the autoignition chemistry point of view and the characteristic ratios reported in Table 4 have been noted to be rather insensitive to the threshold values. 
